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Raman  spactroscooy  it  used  to  proha  the  CN  stretching  fre¬ 
quency  of  acetonitrile  as  a  function  of  concentration  In  water. 

The  CN  band  ts  modeled  as  the  sum  of  two  G  ausslans.  The 
concentration  dependence  of  area  and  width  fo*  each  of  the 
Gaussian  components  provides  experimental  support  of  an 
equilibrium  between  two  forms  of  acetonitrile  in  solution.  In 
addition  the  concentration  dependence  of  each  of  the  bands 
correlates  well  with  the  thermodynamically  related  Kirk- 
wood-Buff  Integrals  (Gn).  Specifically ,  both  the  vibrational 
band  width  and  G,  exhibit  maxima  near  Xch,cm  0  3.  sug¬ 
gestive  of  strong  interaction  between  acetonitrile  molecules 
The  frequency  shit;  of  the  CN  band  exhibits  a  linear  depen¬ 
dence  on  the  dielectric  constant  of  protic  solvents 

INTRODUCTION 

There  has  been  considerable  effort  to  define  and  understand 
the  fundamental  molecular  interactions  important  m  liquid 
chromatography  i 1-3).  Although  the  solvophobic  theory  *  /  ) 
is  commonly  invoked  to  explain  retention  in  reversed-phase 
liquid  chromatography  iRPLC).  recent  studies  have  pointed 
out  shortcomings  in  this  model  ij.  4).  Using  statistical 
thermoavnamics.  Dill  (4»  has  demonstrated  that  retention  in 
RPLC  is  driven  bv  two  classes  of  interactions:  ti)  the  dif¬ 
ferences  in  chemical  interactions  of  the  solute  in  each  of  the 
phases,  which  affect  the  enthalpy  of  the  system,  and  (2) 
changes  m  the  entropy  of  the  system.  Studies  ot  the  im¬ 
portance  ot  cnemical  interactions  with  the  solvent  have  em- 
pioved  such  techniques  as  solute  solvatocnromism  \ 5.  6). 

Solvent  stationary  pnase  interactions  have  also  received  at- 
tention  « 7.  <$).  It  is  dear  that  the  solvent  plavs  a  crucial  role 
:n  establishing  the  ‘structure"  of  the  stationary  phase,  which, 
in  turn,  impacts  the  nature  ot  solute  retention.  Recently 
several  studies  oi  suivent-stationarv  phase  behavior  have 
employed  environment-sensitive  probe  moiecules.  such  as 
pyrene,  adsorbed  or  immobilized  at  the  surtace  iiri.  Spec¬ 
troscopic  changes  in  the  probe  provide  information  about  the 
solute  but  onlv  an  indirect  measure  of  surtace  characteristics. 

An  important  experiment  for  understanding  solute-induced 
cnanges  in  eitner  the  solvent-phase  structure  or  the  station¬ 
ary-phase  structure  would  involve  monitoring  some  charac¬ 
teristic  oi  the  solvent  and.  or  stationary  phase  directlv.  The 
motivation  for  understanding  solvent  structure  is  found  in  the 
work  recently  conducted  by  Wirth  I/O.  //).  in  which  the  im¬ 
portance  of  shape  selectivity  in  retention  (related  to  structural 
order i  was  demonstrated  spectroscopically. 

Acetonitrile  iCHiCN)  is  one  of  the  most  wideiv  used  organic 
m'tdifiers  in  reversed -phase  liquid  chromatography,  it  also  has 
significant;  application  in  nonaqueous  electrochemistry  ( 12). 

The  Raman  spectrum  oi  CH,CN  has  unique  features  in  re¬ 
gions  oi  low  spectral  interference:  thereiore.  Raman  spec¬ 
troscopy  or  CHiCN  is  an  excellent  choice  tor  a  direct  probe 
ot  solvent  microenvironment. 

The  CN  stretch  ui  acetonitrile  exhibits  a  rather  unique  shift 
to  higher  frequency  wnen  hvdrogen  bonded  l  l-i)  or  coordi¬ 
nated  with  Lewis  acids  i 14).  On  the  basis  of  the  analogous 
situation  encountered  with  carbonvls.  in  which  the  CO  stretch 
shifts  to  Inner  frequency  when  hvdrogen  bunded  1/5).  <>ne 
expect*  that  coordination  of  the  nitrogen  lone  pair  electrons 
would  lengthen  anu  thus  weaken  the  CN  bond.  In  the  case 
ol  carbonvis.  ■  C  nuclear  magnetic  resonance  iNMR)  studies 
show  an  apparent  reduction  in  electron  density  <a  shift  to 
lower  tieidsi  about  the  carbonvl  carbon  and  presumably  an 
accompanying  increase  in  electron  density  about  oxygen,  as 
the  concentration  ot  i  hvdrogen  bona  donor  is  increased  1 16) 

>imilarlv  NMR  srou.es  or  t  'H  .CN  water  mixtures  snow  that 
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the  *N  resonance  shuts  to  higher  fields.  an  apparent  increase 
m  electron  density  aDout  the  nitrogen  i  1  7).  Sadlej  and  Kecki 
employed  a  modified  CNDO  method  to  studv  the  elec¬ 
tronic  structure  of  acetonitrile  and  its  complexes  with  metal 
cations.  Thev  attributed  the  increased  force  constant  of  the 
CN  bond  to  a  rehvhrtdi77r,''»*  -r.  *hc  2p  a  character  of 

the  lone  pair  is  increased.  Consideration  of  the  partial  an- 
ubonding  character  of  nitrogen  s  2p  it  orbital  led  to  the  con- 
clus.on  that  the  removal  of  the  lone  pair  electrons  enhances 
the  CN  bond  order.  The  authors  observed  that  the  corre¬ 
sponding  restructuring  of  t  electrons  would  account  for  the 
increased  electron  density  about  N  las  measured  by  NMR). 
An  increase  in  the  force  constant  of  the  CN  bond  readilv 
accounts  tor  the  observed  shift  to  higher  frequencies  when 
CH.CN  is  hydrogen  Ponded  1 13.  19). 

The  liquid  structure  of  CH,CN  is  also  of  interest  and  re¬ 
mains  unresolved.  Strong  molecular  interactions  must  account 
for  the  high  boiling  point  of  CHiCN  iS‘2  #C«  as  well  as  the  fact 
that  vr\  is  13  cm'*  higher  in  the  gas  phase  than  in  liquid  t  JO). 
For  comparison,  the  boiling  point  of  methanol  i similar  densitv 
and  molecular  weight).  which  exists  as  a  hydrogen- bonded 
networK  in  solution,  is  onlv  64.7  °C.  It  has  been  proposed  that 
a  liquid-phase  antiparailei  alignment  of  two  CH^CN  molecules 
would  resuP  in  a  reduced  dipole  moment,  therefore  a  weaker 
CN  bond  i2/ ).  This  concept  supported  by  the  observation 
that  a  single  CH.CN  molecule  in  the  gas  phase  has  a  dipole 
moment  of  3.92  D.  whereas  the  gaseous  dimer  has  a  dipole 
moment  of  2.67  D  t/4).  There  is  a  large  body  of  work  that 
suggests  that  CH.CN  is  partitioned  between  monomers  and 
aimers  in  solution  t  N.  20.  22).  Griffiths  <23)  indicated  that 
it  is  unreasonable  to  expect  a  true  CH;CN  dimer  to  exist  tn 
solution  and  that  free  or  unassociated  CHiCN  is  likelv  to  be 
in  equilibrium  with  some  undefined  self-associated  form  of 
CHUCN.  Temperature-dependent  studies  of  CH,CN  in  a 
varietv  of  solvents  appear  to  indicate  that  monomeric  or  free 
CH  .CN  does  not  exist  in  solution:  rather.  CHiCN  is  organized 
as  aggregates  or  loosely  defined  clusters  <24).  Several  re- 
searcners  nave  reported  that  the  CN  stretching  band  ot 
CH.CN  in  the  liquid  phase  is  composed  of  two  overlapped 
Gaussians:  a  narrow  band,  attributed  to  the  monomeric  or 
tree  form  of  CH.CN.  and  a  broad  band,  attributed  to  some 
organized  torn  ot  CH.CN  <  13.  23.  ‘2-4).  Infrared  matrix  iso¬ 
lation  stuaies  of  CH.CN  show  two  resolved  bands  in  the  CN 
'tretching  region  \  /-/) 

In  order  to  emplov  CH^CN  and  Raman  spectroscopy  as  a 
direct  prope  of  solute- solvent  or  solvent /stationary  phase 
interactions,  it  .s  first  necessarv  to  understand  the  nature  of 
vibrational  perturbations  arising  from  solvent /solvent  in¬ 
teractions.  Here  we  report  a  detailed  Raman  spectroscopic 
’study  of  CH.CN  in  water.  Presented  in  this  work  is  the 
behavior  of  the  CN  stretching  vibration  over  the  entire  con¬ 
centration  range  of  acetonitrile/ water  mixtures  and  an  ex¬ 
ploration  of  the  relationships  between  observed  frequency 
shifts  and  solvent  properties.  Two  groups  have  recently  in¬ 
vestigated  the  vibrational  spectroscopy  of  CH,CN/water 
mixtures  1 13.  19).  focusing  pnmarilv  on  the  structural  com¬ 
position  of  water,  neither  group  modeled  the  vibrational  band 
structure  This  work  mathematically  models  the  CN 
stretching  band  i*v\i  as  the  sum  of  two  Gaussians.  whose 
behavior  as  a  function  of  concentration  supports  the  concept 
of  an  equilibrium  between  at  least  two  distinct  CHXN  species 
in  solution.  Further  support  for  such  an  equilibrium  ts  fc  ind 
in  the  strong  correlation  between  tne  CN  frequency  shift  and 
the  dielectric  constant  of  a  variety  ot  hydrogen- bond  donor 
solvents. 


EXPERIMENTAL  SECTION 

All  solvents  were  spectrochemical  or  I  V  grade  and  were  stored 
\er  r?«>ie<  ular  -ieves  <  i  A  *  1  *  ,n.i.  Doublv  distilled.  HPLC 
grade  u)mni>olve»  water  was  used  in  ai)  experiments  involving 
water 

The  514.5-nm  line  trom  an  argon  ion  laser  iLexel  Model  9’>» 
was  emplosed  as  tne  excitation  source.  Plasma  lines  trom  the 
>«>urce  were  eliminated  with  a  combination  ot  two  Pelltn  Brooha 
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;*  prisms  lOpucs  tor  Research.  ABDU-20)  and  a  variable  aperture 
i  The  .10- mW  beam  was  focused  to  approximate  80  urn  at  th* 

U  "ample  ceil,  a  0.1-  x  l-cm  glass  capiilarv  tKimaxi.  Sample  m- 

i  troduction  was  achieved  via  a  o-mL  syringe  connected  to  the 

13  rapiilarv  with  0.8-mm-i.d.  Teflon  tubing.  Ail  measurements  were 
5  conducted  at  ambient  temperature.  Light  from  the  cell  was 

collected  and  collimated  at  90°  from  excitation  bv  a  / /  2  camera 
is  tens  *  Canon,  fl  50  mmi  and  then  focused  at  the  entrance  slit  of 

n  the  spectrograph  t0.5  m.  Spex  1870)  with  a  //3. 9  planoconvex  lens. 

:  The  entrance  siit  width  was  60  lor  80)  um  m  all  cases,  corre- 

14  -.ponding  to  a  spectral  bandwidth  of  3.6  cm  A  colloidal  class 

5  i  RG-530.  Schott »  high-pass  filter,  p'^ced  in  front  of  the  entrance 

15  siit.  served  to  remove  scattered  source  light.  A  600  grove  /  mm 
5  grating  dispersed  the  light  across  a  Thomson  THF7882CDA 

n  cnarge-coupied  device  'CCD.  Photometries*.  With  the  long  axis 
<i  1 576  channelsi  oriented  in  the  direction  of  wavelength  dispersion. 

13  a  spectral  reeion  oi  approximated  600  cm  •  was  sampled  «• 

24  multaneousiv  at  approximatelv  t  cm  1  channel  The  CCD  con- 

4  (roller  was  united  to  a  Mac  Ilex  via  a  general  purpose  interlace 

16  hoard  iGPIB.  National  Instruments!.  The  interlace  software. 

OMA.  was  written  ov  Marshall  Long  i Vale.  Applied  Physics 

*  Department!. 

;  For  ail  spectra  presented  in  this  work,  a  preflash  was  used  and 
.«  the  charge  trom  563  columns  was  Dinned  along  the  slit  axis  lor 

26  -ignai-to-noise  improvement.  It  has  recently  been  reported  that 

5  binning  in  this  direction  can  result  m  artificial  band  broadening 

18  1 J 5 1 .  However,  we  are  confident  that  the  asymmetry  found  in 

:i  the  bands  reported  herein  is  phvsiochemicai  m  nature  based  on 

21  the  fact  that  similar  nand  shapes  have  been  observed  and  reported 

::  bv  workers  using  monochromator  PMT  systems  <  13.  23.  24)  and 

4i  the  following  scudv  of  charge  trapping  conducted  in  this  lab.  The 

1  effect  of  narge  trappine  on  peak  parameters  was  quantified  bv 

13  using  a  ;  ngie  Lorenizian  tit  to  the  214-cm  *  band  of  CC1«.  We 

1  found  cnarge  trapping  to  be  of  concern  only  at  low  signal  inten- 

:«  sities.  <700)0  photoeiectrons.  in  which  no  ‘pretiash-  had  been 

23  used  to  uniformly  irradiate  the  CCD.  With  the  pretlash.  no  band 
distortions  were  ooserved. 

i  The  CH.  CN.  and  CC  stretching  frequencies  (2942.  2249.  918 
12  cml-'  *26))  m  drv  CH  .CN  were  used  as  reference  points  for  band 

24  position  measurements  in  other  solvents.  These  reterence  points 

3  were  estaoiisned  prior  to  each  set  of  measurements  m  a  given 

t6  region.  To  avoid  mecnanicai  backlash  errors,  the  spectrograpn 

4  settings  were  not  varied  during  any  group  ot  measurements  m 

19  a  particular  region.  All  quantitative  measurements  were  made, 
minimally.  ;n  iriplicace.  Concentrations  i.M)  were  calculated 

*  taking  into  account  the  nonideal  volume  of  mixing  tor  CH;CN 
is  and  water,  as  tabulated  bv  Katz  et  ai.  1 2D.  Measured  band  areas 

3  were  corrected  for  refractive  index  effects  as  indicated  bv  Bauer 
15  t.-i  al.  (28>  The  correction  values  varv  less  tnan  2*7c  over  the 
:i  investigated  concentration  range 

Data  processing  was  conducted  on  an  IBM  AT  compatible 
u  computer.  Conversion  of  binary  tiles  from  the  Macintosh  disk 
'.0  operating  svsiem  to  MS-DOS  was  earned  out  with  the  Apple  File 

21  Exchange  program.  Peak  modeling  to  Gaussian  functions  was 
8  achieved  woth  the  program  Curvefit  i * •  minimization)  jn  Spec- 

is  traCalc  iGaiactic  Industries.  V2.U.  The  spectra  could  not  be 
modeled  as  Lurentzian  functions. 

i  RESULTS  AND  DISCUSSION 

\  Acetonitrile  in  Water.  C S'  Stretch.  Figure  I  shows  the  FIG  1  (009.  3-  4) 

6  CN  stretching  band  in  neat  acetonitrile.  The  frequency 

4  maximum  shifts  linearly  to  higher  frequencies  as  the  molar 

:i  concentration  of  CH  ,CN  in  water  decreases,  from  2249  cm  1 

22  in  neat  CH,CN  to  2256  cm  1  at  1.9  M  la  change  of  7  ±  0.4 
it  cm  l-\  from  eight  measurements  j.  In  order  to  investigate  the 

possibility  and  behavior  of  overlapped  bands  as  a  function 
:s  of  concentration,  both  j-r\  and  as  labeled  in  Figure  1.  were 
28  modeled  bv  using  the  Curvefit  program  in  Spectra  Calc.  »•, 
i  is  a  combination  band  arising  from  the  svmmetnc  bend  of  CH , 

14  and  the  CC  stretch  i29).  Although  »,  is  not  part  of  the  CN 
io  stretch,  it  was  included  in  the  model  in  order  to  improve  the 
22  accuracy  ot  the  tit.  The  best  tit  to  the  CN  band  shape  is  two 
12  overlapped  Gaussians  i*»n  and  I'mi, 

i  Band  Area.  As  is  observed  from  Figure  2.  the  total  mea-  TIG  2  1OO6.  7*  6) 

io  sured  area  ivrj  +>  is  linear  with  concentration.  Figure  .1  FIG  3  HM)9.  3-  4) 

i  shows  the  behavior  nf  ana  *nt  as  a  function  of  concentration. 
j  Assuming  that  both  m  and  are  due  only  to  the  stretching 
:4  mode  ol  CN  <  ioi.  the  tact  that  there  are  two  bands,  each 
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:6  having  a  unique  concentration  dependence,  implies  that 
;i  acetonitrile  exists  in  at  least  two  distinct  terms  .n  solution. 
senis  i  Since  both  t-M  ana ‘-in  are  present  in  pure  idrvi  CH.CN.  nenner 
.4  of  the  two  Gaussian  components  can  be  attributed  to  hvdroeen 
>EM8  24  bonding  with  water.  This  mav  not  be  true  tor  low  concen- 
>EN2i  s  t rations  of  CH.CN  in  water.  Both  components  have  neariv 
6  equivalent  areas  from  2  to  S  M  CHiCN  which,  in  agreement 
ir  with  previous  observations  1 20.  2-1).  suggests  that  strong  tn- 

25  teractiuns  between  CH*CN  molecules  must  prevail  even  at 
SEN24  33  low  concentrations.  Between  b  and  12  M.  the  are-  of  »u 
SEN27  u  increases  at  a  rate  faster  than  that  of  Near  12  N1  CYch  cn 

*>  '  OJ-0.35i  CH,CN\  there  appears  to  be  a  transition  between 

SEN»  16  i-n  and  »’hi-  At  concentrations  greater  than  15  M  (.Y/-h.cn  -~ 
SEN33  io  0..55i.  I'm  becomes  the  dominant  band.  The  relationship  be- 
<  tween  areas  at  concentrations  greater  than  12  M  is  consistent 
u  with  a  picture  of  the  liquid  in  which  self-associated  CH.CN. 
24  representea  bv  *>tp.  is  favored  at  high  concentrations. 

PAR39 

SEN03  i  Attempts  to  quantify  a  particular  species,  such  as  CH  CN 
:i  monomer  or  aimer,  using  the  measured  band  areas  were  un- 
>EN06  20  successful.  Substitution  of  activity  i.?/l  for  moiantv  did  i.o. 
SEN09  io  improve  the  situation.  However,  as  Pimentel  and  McCleilan 
’  (.721  have  pointed  out.  one  would  onlv  expect  a  clear,  definable 

;s  equilibrium  Detween,  tor  example,  monomer  and  dimer  in 

26  solution  if  the  dimer  were  cyclic  with  no  additional  sites 
SEN  12  36  available  for  interaction.  Consideration  of  the  data  presented 

■  here  and  evidence  that  the  methvl  group  is  stronglv  involved 
in  determining  the  structure  of  liquid  CH.CN  133)  lead  to  the 
:s  conclusion  that  no  simple  equilibrium  between  definite 
•s  CH.CN  >pecies  exists  in  solution. 

PAR42 

SEN03  i  Banduidm.  Figure  4  shows  the  bandwidth  Hull  width  at 
seno6  io  naif  maximum!  as  a  function  of  moie  fraction  CH  .CN;  mole 
20  fraction  is  used  in  this  case,  rather  than  molantv.  to  lacilitate 
SEN09  .11  comparison  with  thermodsmamic  parameters.  Note,  however. 
4  that  the  maximum  in  bandwidth  occurs  at  the  same  concen- 
:t  tration  as  the  transition  observed  for  band  areas  i  *=12  M) 

PAR45 

seso3  Matteoli  and  Luciano  i.74)  recently  calculated  the  values 

.0  ol  (i ,  for  CH  CN  water  mixtures  from  the  Kirkwood -Buff 
s  integrals  «.>5» 

G,,  *  i/?„  -  1  )4 irr1  dr  1 1 ) 

20  wnere  t .  is  the  radial  distnbution  function  and  r  is  the  average 
sENOS  12  distance  netween  aaiacent  molecules.  G,  is  a  measure  ot  the 
s  tendency  tor  aissimiiar  molecules  to  interact  and  G,  is  a 
SEN09  in  measure  of  interaction  tendency  between  like  molecules.  <S 
i  and  G,  are  related  to  thermodvnamic  properties  as  described 
:2  by  the  toilowing  equations 

G,  =  RTKt  -  V  /  V jDV  -21 


FIG  4  "><>R  .3-  4* 


REQU  1  11-03.19-:'' 


REQC  2  (009.15  -  1  6 


G„  =  G,,  +  Vj/lD  -  V3xt  >3) 


!EQL:  3  (009  15-16 


D  =  1  +  x,(d  In  a,/d  i,lTP  (4) 

:6  where  R.  T.  KT.  V.  a.  x..  and  V  represent  the  gas  constant. 
29  temperature,  isothermal  compressibility  coefficient  ot  the 
is  solution,  partial  moiai  volume,  activity  coeilicient.  mole 
42  fraction,  and  the  volume  per  mole  of  mixture,  respectively 
sen  12  :  Matteoli  and  Luciano  found,  for  both  CH.CN  and  water,  that 

senis  12  G  ,  exhibited  a  maximum  near  .YrH,cN  =  0.3  (  =  .Ymo).  Such 

i  a  maximum  implies  a  strong  tendency  for  like  molecules  to 

n  associate  iG„  vs  «Y.  decreases  monotonicallv  for  an  ideal 

senis  22  mixture}.  On  the  basis  of  the  overall  shape  ot  the  G  .  vs  .Y, 

14  curve,  the  authors  divided  the  solution  behavior  into  three 

21  categories,  the  maximum  serving  as  the  transition  between 

1EN21  3i  solvation  and  self-association.  At  .Yr»*  CN  <  .Ym„,  the  trend 

s  of  (i ,  for  water  indicated  that  small  amounts  of  CH.CN  could 
sf.N24  is  significantly  atfect  the  structure  of  water.  The  structure  of 
*>  CH.CN  remains  primarily  unatfected  bv  smail  amounts  ot 
•>EN22  n  water.  At  A’.  Hrs>  .Y^„.  the  authors  noted  that  the  smooth 
.*  trend  of  G.  toward  neat  CH.CN  was  suggestive  ot  direct 

22  interaction  between  CH,CN  molecules. 

PAR4* 

>EN03  i  The  banawidths  ot  both  and  vrn  exhibit  a  maximum  near 
SENoa  i.i  .Y,  h<  n  *  11  3.  The  maximum  is  more  pronounced  tor  nn 
i  'self-associated  CH.CN;  thus,  the  behavior  of  the  bandwidth 
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mav  be  more  closely  associated  with  CH.CN  CH.CN  inter¬ 
actions  rather  than  CHiCN,  H20  interactions.  Since  both  the 
bandwidths  and  hand  areas  undergo  dramatic  transitions  at 
the  concentrations  or  similar  activity  for  the  Kirkwood  inte¬ 
grals.  there  appears  to  be  a  relationship  between  the  solvent 
structure  probed  by  Raman  spectroscopy  and  the  thermo¬ 
dynamic  properties  of  the  solution.  In  addition,  it  is  inter¬ 
esting  to  note  that  the  bandwidth  maximum  occurs  at  pre¬ 
cisely  the  point  at  which  the  partial  molar  excess  volumes  of 
CHtCN  and  water  are  equal  iJ6).  Kamaeawa  and  Kitaeawa 
i  ?J).  using  Raman  difference  spectroscopy  to  analyze  the 
symmetric  CH  stretcn  of  CH,CN  in  water,  found  that  a  plot 
of  homogeneous  frequency  shift  tthe  *hift  attributed  to 
seif-associated  molecules »  vs  mole  fraction  was  very  similar 
to  the  piot  of  partial  molar  volume  vs  mole  fraction.  The 
a  .ihors  interpreted  this  as  an  indication  that  the  frequency 
shift  was  related  to  the  structure  of  the  solution. 

Frequencv  Shifts.  Figure  5  shows  the  center  frequency  of 
.  .t  and  f«n  vs  mole  fraction.  The  measured  center  frequency 
for  iv\  is  dominated  by  i-.j  and  thereiore  exhibits  similar 
behavior.  For  the  purpose  of  discussion,  we  wall  assume  that 
an  CH.CN  dimer  is  representative  of  self-associated  CH.CN 
Thomas  and  Thomas-Orville  proposed  the  structure  ot  an 
CH,CN  dimer  as 

RGID  ACoBlla  <015.12-13) 

This  structure  also  derives  from  both  neutron  diffraction 
studies  and  ab  initio  calculations  as  the  most  energetically 
stable  CH.CN  dimer  orientation  for  mtermolecuiar  distances 
less  than  5  A  i22>.  According  to  Pauling  '.JD.  due  to  the  laree 
dipole  moment,  the  CN  bond  can  posses  as  much  as  21%  ionic 
character.  Bulk  solvent  etfects.  such  as  dielectric  properties, 
are  therefore  expected  to  piay  a  key  role  in  determining  the 
strength  of  ime.mojecular  interactions,  if  self-association 
results  m  a  iower  CN  force  constant,  through  partial  can¬ 
cellation  of  dipole  moments— as  mentioned  tn  the 
Introduction — then  the  effective  solvation  of  seif-associated 
CH,CN  should  result  in  an  increase  in  *■«-%.  Hydrogen  bonding, 
in  which  the  pariiailv  antibonding  lone  pair  electrons  are 
removed  trum  tne  CN  bond,  should  also  result  in  an  increase 
in  i.  v  Therefore,  in  the  case  ot  protic  solvents,  the  magnitude 
of  shift  in  *vN  »>  expected  to  have  a  complicated  dependence 
on  both  solvent  dielectric  properties  and  hvdrogen-bond 
strength.  It  is  worth  noting  that  the  center  frequency  ot  «/M 
exhibits  a  linear  dependence  on  molarity,  whereas  *»ft  has  a 
more  complicated  dependence.  The  dielectric  constant  of 
CH.CN  water  mixtures  varies  approximately  linearly  with 
moiantv  i  js».  In  addition  to  dielectric  and  hydrogen-bond 
effects,  there  is  evidence  that  suggests  that  hvdrophobtc  in¬ 
teractions  mav  also  plav  a  role  in  CH.CN  aggregation  at  high 
water  concentrations  iJJ.  34). 

To  test  the  importance  of  dielectric  effects,  a  studv  of 
CH.CN  iAVh.cn  =  1  > 037.  1.9  M)  in  a  variety  of  protic  i hy¬ 
drogen-bond  donating)  solvents  was  conducted.  Figure  b 
hows  the  frequency  shift  from  2249  cm  in  pure  CH.CN) 
as  a  function  ot  dielectric  constant.  The  frequencv  shift  for 
CH.CN  would,  of  course,  be  zero  but  is  not  shown  on  the  graph 
because  it  is  not  a  hvdrogen-bond  donor.  Note  that  water  if 
=  T. •?..})  is  ihe  onlv  solvent  in  the  figure  that  has  a  higher 
dielectric  constant  than  CH.CN  i«  *  18.8).  The  difference 
in  the  magnitude  ot  shift  for  water  and  its  nearest  neighbor 
iMeOHi  is  significant.  The  linearitv  of  the  piot  as  well  as  the 
magnitude  of  the  shift  for  water  indicates  a  strong  dependence 
on  the  dielectric  properties  of  the  solvent.  Plots  of  frequencv 
shift  vs  Hi  dipole  moment.  •  J)  refractive  index.  1 3)  polariza¬ 
bility  (calculated  from  the  Clausius- Mossotti  equation),  and 
14)  orientation  polarizability  'A/i  (calculated  from  the  Linnert 
equation  t  ion  were  ail  nunimear  or  nncorreiated.  For  the 
above  calculations,  u  was  assumed  that  the  bulk  properties 
ot  the  mixture  were  equivalent  to  those  ot  the  solvent.  This 
ussumDUun  is  x and  for  dilute  solutions,  as  is  true  for  AVu  .  \ 
=  o:i 7  Aithougn  bulk  dielectric  properties  appear  to  plav 
a  pnmarv  role  in  determining  >r\.  hvdrogen  bonding  must 
.iiM»  take  pute  Rncnt  ah  initio  calcinations  have  estimated 


FIG  5  '•]-  4 1 


FIG  b  mOb.  4> 


AC*J007fi2K 


H'lil'.t 


L'NIT  NO  iiKVt 
(>ai.  n  AC5BI 1 


V*  K.l  [U  10 


1 


TXT09 

PARS4 

SEN36  15 
9 

SENS*  19 

PAR57 
SEN03  1 
SEN06  12 


PAR60 

SEN03  t 

SEN06  9 

14 

11 

SEN09  39 

10 

19 

SEN  12  1 

11 
:i 

SEN  15  l 
SEN18  12 

3 


SEN21  21 
9 
19 

SEN24  2« 


SEN27  26 


SEN30  V) 


PAR63 

SEN03  l 
9 

15 

iEN06  25 

3 

SEN09  11 
9 
18 
38 

SEN  12  1.3 
SEN  15  8 

3 


SEN  18  .15 
9 

SEN21  l 

11 

22 

SEN24  31 
SEN27  ’ 

4 

16 

:« 

PAR«< 

'EN0.3  I 
it 
19 
.9 

-iEsoe  i: 


the  hvdrogen-bond  strength  oi  CH;CN  water  to  he  approx¬ 
imately  4  kcai  mol  i -41).  The  OH  stretch  of  water  is  quite 
sensitive  to  dilution  with  CH.CN.  shifting  more  than  UK)  cm  1 
over  the  concentration  ranee  studied.  The  magnitude  of  the 
shift  is  characteristic  of  hydrogen-bond  donors  i/2). 

Both  the  CC  and  CH  stretching  modes  shift  to  higher 
trequency  upon  dilution  ol  CHiCN  in  water.  The  slopes  of 
center  trequencv  vs  moiantv  are  U.39  and  0.27  for  itc  and  ‘v-h. 
respectively. 

Associated  species.  Katz  et  al.  i2D  recently  suggested  that 
mixtures  of  MeOH  water.  CH,CN/  water,  and  tetrahvdro- 
furan  (THF).  water  should  be  regarded  as  ternary  solvent 
systems,  the  three  comoonents  being  tree  solvents  i.e..  not 
associated  with  water*,  free  water,  and  a  solvent:  water  com¬ 
plex.  The  authors  postulated  that  deviation  from  ideal  mixing, 
as  well  as  chromatographic  anomoiies.  could  be  explained  in 
terms  ot  the  presence  of  this  third  i solvent  water*  species. 
They  mathematically  modeled  the  volume  ot  the  mixing  curve 
by  assuming  that  the  molar  volume  of  all  three  components 
remained  constant  over  the  entire  range  of  compositions. 
However,  it  is  well  documented  that  the  molar  volume  of 
components  in  nonideai  solutions  does  indeed  vary  1 42).  In 
addition,  m  describing  CH  ,CN.  water  mixtures  as  a  simple 
equilibrium 

CHiCN  +  H,0  —  C  H,CN/H;0 


AVq  35  SCHiCN/H20)/ (CH^CN ][H?0|  .5) 

the  actuuies  of  water.  CHiCN.  and  CH3CN  H:0  must  be 
used  to  calculate  K Based  on  the  activities  reported  bv 
French  iJ/».  the  equilibrium  in  eq  5  would  result  in  an 
CHjCN  HA  complex  whose  activity  remains  constant  from 
0.2  to  0.7  mole  fraction  CH3CN.  The  model  used  bv  Katz  et 
al.  results  in  a  continuously  varying  associated  complex  las 
measured  bv  volume  fraction*  that  exhibits  a  maximum  near 
.V,  H  l-\  0  25.  Based  on  the  results  of  Matteoh  and  Luciano 

the  minimum  in  the  volume  of  mixing  may  be  due  to 
eiiective  ’packing"  of  CH3CN  within  the  water  structure 
rather  man  a  maximum  in  CHiCN/ HA  complexes.  While 
it  is  intumveiv  satisfying  to  consider  associated  species  in 
binary  mixtures,  me  model  Katz  et  al.  have  chosen  may  not 
be  an  accurate  description. 

Taking  into  account  both  solvent  .solvent  and  solvent,  so¬ 
lute  species.  CHjCN /water  mixtures  are  more  thoroughly 
described  as  having  at  least  six  general  components:  CH.CN.,, 
C H,CN.  i CHiCN,,  H?0.  CHiCN/ HA  HA.  and  iHA,  As 

the  concentration  is  varied,  the  distribution  of  interactions 
must  also  vary.  At  low  CH3CN  concentrations  iX,-H  rN  <  0.3). 
due  to  the  strength  of  attractive  forces  between  CHjCN 
molecules,  it  is  not  unreasonable  that  both  free  (e.g.,  CH-,CN. 
CH,CN\  H.O)  and  seif-associated  le  g..  CH.CN/CH.CN) 
CHiCN  exist.  The  stable  association  of  CH,CN  molecules 
would  eventually  serve  to  disrupt  the  water  structure.  Based 
on  the  observations  of  Singh  and  Krueger  \ 19).  in  which  the 
3 ‘2 25- cm  1  band  in  water  vanishes  as  CH3CN  is  increased  to 
AVh  tn  ~  0.47.  the  structure  of  water  appears  to  be  dominant 
up  to  AVh  cn  -  11 T  Bevond  that  point,  both  the  structure 
of  water  and  of  CH.CN  approach  their  least  structural  form 
The  maximum  excess  entropy  of  mixing  iAVh.cn  -  0.55). 
rather  than  the  vomme  of  mixing,  is  likely  to  be  correlated 
with  the  largest  degree  of  association  between  CHiCN  and 
water  isee  Figure  7  i  J7.  43)).  At  CHiCN  mole  tractions  greater 
than  0.55.  the  structure  of  CH.CN  dominants.  This  concept 
is  supported  bv  the  tact  that  the  area  of  band  III.  attributed 
to  self-associated  CH.CN,  becomes  the  dominant  factor  at 
CH.CN  mole  tractions  greater  than  0.55. 

Although  there  are  undoubtedlv  a  variety  ot  effects  that 
intluence  tne  degTee  ot  association  between  CH.CN  molecules, 
it  is  possible  that  the  dominant  driving  force  for  aggregation 
progresses  trom  hvdrophoOic  to  electrostatic  as  the  CH  CN 
concentration  is  increased.  At  high  water  concentrations,  the 
dielectric  constant  of  the  solution  is  high:  therefore,  elect ro- 
static  interactions  are  minimized  while  the  tendency  tor  hv- 
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sEN09  J3  drophobic  interacnons  is  maximized.  As  mentioned  above. 

5  the  shape  ot  the  (7.,  vs  AV«  rs  curve  suggests  that  tor  .\VH  ,  N 

::  >  0.3  direct  interactions  between  CH.CN  molecules  occurs. 

>EM2  :  If  one  defines  direct  interaction  as  that  which  occurs  at  in* 
’.2  termoiecular  separation  distances  <  3  A.  the  antiparailel 
orientation  of  two  CH .CN  molecules  is  the  most  stable  dimer 
SEN  15  w  I J / ) .  A  dimer,  in  which  the  opposite  partial  charges  are 
::  aligned,  seems  reasonaoie  at  high  CH.CN  concentrations 
SEN  is  i  High  CH,CN  concentrations  would  facilitate  stronger  eiec- 
s  trostatic  attraction  via  decreased  average  mtermoiecuiar 
distances  and  a  lower  dielectric  constant. 

PAR69 

SEN03  i  Chromatoeraphic  Implications.  The  presence  of  a  variety 
SEN06  *  -»f  CH.CN  species  in  solution  would  result  in  complicated 

SEN09  is  equilibria  for  solvation  of  other  solutes.  Shifts  in  the  equilibria. 

6  which  occur  as  the  solvent  composition  is  varied,  mav  account 
SEM2  16  for  anomalies  in  chromatoeraphic  retention  mi.  McCormick 

i  and  Karger  t -#-5 *  have  reported  the  adsorption  isotherms  t*»r 
:  :  MeOH.  CH  .CN.  and  THF  on  a  nvdrophobic  stationary  phase 
'KM5  ::  'C-l*>.  Both  CH.CN  and  THF  exhibited  dramatic  maxima 

1  near  6occ  i X .  H ,-N  ^  *>  25)  and  70CT<  iv.  vi  organic  moamer. 
■>EN is  respectively.  For  acetonitrile  water  mixtures,  more  than  twice 
i  as  much  CH  .CN  is  adsorbed  to  me  surface  at  mobile-phase 
-EN2i  composition  A.  H;CN  *>  25  than  at  AVh.cn  «».55.  In  ac- 
3  cordance  with  the  soivophobic  theorv.  the  authors  attnbuted 
.  .  the  decreased  adsorption  of  the  organic  modifier  to  reduced 

- -  roncenfr,*»»*'n  .:  .  V  noO'i«*  pha*^.  .  at.  :  he’Tg  »h*» 

:■)  driving  lorce  tor  removal  of  organic  modifier  from  solution. 
>F.N24  However,  tne  removal  of  organic  modiner  trom  solution 

unnkelv  to  oe  driven  bv  entropy,  since  <1>  the  process  ot 
concentrating  solvent  solute  at  the  interface  is  accompanied 
:•)  bv  a  decrease  in  entropy  due  to  structuring  of  the  aikvl  phase 
u  *  i,  ) >  and  i2>  the  soivation  of  CH.CN  in  water  is  pureiv  en- 
'EN2T  tropv  amen  *see  Figure  7 ».  If  hydrophobic  expulsion  were 

*  exclusion,  responsible  fcr  concentrating  CH.CN  at  the  sur- 

3  face,  the  process  should  be  most  favorable  when  the  enmaipv 
-EMO  ji  ■  i  mixing  is  least  favorable,  and  sucn  is  not  the  case.  .As  shown 

4  m  Figure  7.  the  interaction  between  CH.CN  and  water  is  most 
a  t naotnermic  « least  favorable)  at  moie  fractions  much  higher 

'  A’.  h.i*n  '  •>  651  than  me  observed  maximum  in  the  isotherm. 
'EN3.1  These  conclusions  are  in  agreement  with  st*idies  that  suggest 
that  hvdropnobic  expulsion  is  not  the  dominant  interaction 
»  in  RPLC  retention  *j». 

PAR72 

-ES03  i  As  mentioned  previously.  Katz  et  al.  i27)  suggest  that 
;i  anomalies  in  soiute  retention  can  De  explained  in  terms  ot 
associated  solvent  species,  eacn  ot  whicn  has  unique  inter- 
>EN06  29  actions  with  the  stationary  pnase.  As  the  mobile  phase  is 
varied,  me  chemical  characteristics  of  the  stationary  phase 
:s  are  determined  bv  the  relative  concentrations  of  the  individual 
>EN09  24  "pecies'eg  CH.CN.  CH.CN  H  O.  H.O).  The  spectroscopic 

♦  evidence  presented  here,  in  conmnction  with  thermodvnamic 
*iENi2  u  considerations,  supports  this  proposal.  The  activity  of  CH.CN 

6  in  water  increases  drastically  over  the  range  AVh.cn  =  <>-0.25. 
^ENIS  ;6  at  which  point  it  levels  off  \  31).  Based  on  the  area  and 
bandwidth  behavior  ot  4*u  and  e»j|.  the  reeion  of  increasing 
activity  mav  be  due  to  changes  in  the  ratio  of  hvdrogen-bonded 
SEN  18  28  to  self-associated  species.  The  minimal  changes  in  CH,CN 
activity  at  high  CH.CN  concentrations  mav  be  due  to  the 
-'EN2i  it  formation  ot  a  stable  self -associated  CH, CN  complex.  The 
i  maximum  in  the  adsorption  isotherm  reported  bv  McCormick 
n  and  Karger  corresponds  to  the  transition  point  in  activity 
2i  and  quite  cioselv  with  the  transition  in  CH.CN  microenvi- 
ronment  as  reported  here. 
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<EN01  t  CONCLUSION 

PAR7S 

sEN03  i  Raman  spectroscopy  has  been  used  to  quantify  vihrationai 
io  frequency  changes  in  acetonitrile  under  hvdrogen-bnnd  con- 
••EN08  i«  du ions.  The  CN  band  ot  acetonitrile  was  shown  to  consist 
-EN0»  ii  of  overlapped  Caussians  ill  and  II 1 1  The  behavior  ot  bands 
II  and  II!  as  a  (unction  ot  concentration  in  water  provides 
experimental  support  tor  an  equilibrium  between  CH.CN 
"“EM 2  24  secies  in  solution.  Comparison  ot  band  behavior  with  the 
■*  KirkwoiKl-Buff  G  values  demonstrates  a  relationship  between 
:’>  -ohite  micr»>environmpnt  and  the  thermodvnamte  properties 
-enis  2:  <■{  the  solution  The  center  frequency  ot  the  individual  hands 
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as  a  Junction  of  concentration  in  w»ter  was  discussed  in  't-rms 
«>t  noth  aieieciTtC  jnu  nvarogen-Oond  etlects 

AC  K  NO  W  L  E  DG  M  ENT 

We  tnanK  W  R  Fawcett  tor  helpful  discussions  .  n  fht* 
electronic  structure  ot  CH  ,CN  and  tor  directing  us  to  vaiuaole 
references. 
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APnr*  Figure  2  "c’ai  area  as  a  function  o*  concentration  error  oars  are 

*P<#>  £,?  'he  eauation  *cr  me  ime  m  y  =  ’458  i±34i 
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'APOO  Figure  3  Area  of  individual  Gaussian  components  as  a  function  of 
a  Poe  n  Ch,CN  moiantv  In  some  cases,  me  svmooi  width  exceeos  the 
;•>  measured  error 
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Figure  4  3andwidth  (full  width  at  haif-maxmumi  as  a  function  of 
It  concentration  error  oars  are  t<r  For  band  II  the  symbol  width  is 
*  larger  than  the  measured  error 
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\aPoo  Figure  5  Center  frequency  as  a  function  of  concentration,  error  oars 
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A  poo  !  Figure  4  Shift,  n  cm'-  .  from  2249  cm  for  1  9  M  CH,CN  in  a  vanetv 

AP06  is  of  orotic  solvents  The  error  oars  are  from  a  minimum  of  three 

\AP09  |.‘  reoiicate  measurements  The  linear  eauanon  is  v  »  ’  5  +  0  069* 

'API 2  n  *  0  97  ah  dielectric  constant  values  were  ta*en  from  ref  39 
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